The simulation results show that simple or direct combinations of the optimized top grating with the optimized bottom grating only produce a 42% light extraction improvement compared to the non-grating case, which is much lower than that of an optimized single grating case. This is due to the mismatch of grating parameters with the direct addition of the second grating structure, which changes the optical field distribution in the LEDs. Therefore, it is very important to optimize both top and bottom gratings simultaneously for the double-grating design. We also show the optimization of a double grating structure can achieve better performance than a single grating. Finally, transmission-reflection error gratings are also presented. It is also the first time to present randomization in GaN LED grating design and its effects in fabrication. Our data shows that the favorable light extraction improvement is at approximately 10-15% randomization. The randomization can achieve 230% improvement over the original grating at a randomization intensity factor of 12.8%.
I. Introduction

L
IGHT EMITTING diodes (LEDs) have become an area of intensive research in an effort to develop more efficient, brighter, and greener light sources. Light emitting diodes are used extensively in displays, light bulbs, photonics, and machine vision. To meet the needs of these applications, light sources must be low-power, generate less heat, and achieve high luminosity. There are two methods to improve these factors in LEDs: 1) increase electroluminescent efficiency; and 2) increase light extraction efficiency [1] . Therefore, it is crucial to improve light extraction efficiency of gallium nitride (GaN) LEDs to reduce energy consumption, limit heat generation, and increase luminosity. Usually GaN LEDs have poor light extraction efficiencies due to: 1) the high refractive index of semiconductor based devices that results in a low critical angle and total internal reflection; 2) the absorption of light within the device due to dislocations and defects within the GaN crystal; and 3) inefficient device design and structure [2] - [4] . One of the key limitations for light emissive devices is the light trapping due to the device layers' low critical angle. The light generated within the device is totally internally reflected. A number of solutions have been proposed to solve this problem. A resin can be affixed over the device to create a larger escape angle to air [5] . To further mitigate the problems of total internal reflection, the emission surface can be patterned to form a transmission grating that offers the trapped light more angles of escape. This can be done with a variety of methods including wet etching with an amorphous sacrificial layer [6] - [9] or by laser etching to obtain a more periodic spacing [10] - [14] . In addition, it has been shown that the same patterning can also apply to a Ag reflector plate in either pillar or hole grating shapes to form a reflection grating [15] , [16] .
The second inefficiency of the device is due to absorption losses due to dislocation and defects within the GaN crystal. This is a critical aspect of light extraction efficiency since the photon is not escaping from the device, but also because photon absorption within the semiconductor generates heat. So, it is important to extract light from the device both in greater quantity and speed before recombination [4] , [17] . A grating structure will help solve this issue by creating more angles of escape. Grating structures can be patterned with many shapes including: pyramidal, spherical, conical, cylindrical, and so on, but only a few can be fabricated with great success. For example, with the modified laser lift off (M-LLO) technique, holes can be patterned at a 4 µm period instead of etching a random structure. The technique uses a sapphire backplane, UV light, and a high power KrF laser to etch the nanostructure onto u-GaN. In the experiment at Peking University (PKU), grating depths are varied from 75 nm to 120 nm [18] . Other fabrication techniques exist, such as imprint lithography, that can produce similar air holes that measure 180 nm in diameter, with a depth of 67 nm, and a period of 295 nm [20] .
Etching a structure on the extraction surface and/or on the bottom reflection surface commonly solves the light trapping issue. The single grating simulation has been studied 0018-9197/$26.00 c 2010 IEEE intensively already. However, there is no publication directly comparing the effect of top grating, bottom grating, and combinations of both in theory. It is also not practical to fabricate all the double grating cases to obtain the best cases. Even our calculation here is only limited to one particular GaN LED structure developed by PKU [9] , we simulate at least 181 cases based on the micro-structure structures and present very interesting results. In addition, in fabrication etching also involves defects, so the grating structure is not a perfectly periodic crystal. We also develop an error grating model to study the effects of the fabrication randomization. To date, there is no publication on the error grating model of the top and bottom grating structures on GaN LEDs. For all simulations, we calculate the effects on light extraction efficiency with different combinations of grating structures using a finite difference time domain (FDTD) method. In this paper, the simulation model is presented in Section II, top and bottom grating simulation results are presented in Section III, the error grating model is presented in Section IV, and conclusions are presented in Section V.
II. Simulation Model
A. FDTD
We analyze a GaN LED device by the Finite Difference Time Domain method. Since FDTD is derived from Maxwell's equations, it can accurately simulate the small grating parameter effects of refraction in device materials, reflection due to linear dispersion or total internal reflection, transmission of escaping light from the LED, and scattering at the grating.
We begin with the differential forms of Maxwell's equations
From these equations, we break up the spatial components into each respective axis in the Cartesian coordinate system, which results in the following:
Next, we employ a Yee's mesh defined as interleaving E and H component fields [19] . Accuracy of a Yee's mesh is depen- [24] .
To define a regular spacing between unit cells in a crystal lattice arrangement, we employ three parameters: unit-cell period (A), unit-cell height (d), and unit-cell width (w), which are shown in Table I and Fig. 1 . The unit-cell period, A, is the length from center-to-center between unit cells. In 3-D, the parameter w represents a diameter in the case of a circular structure (i.e., sphere, cone, and cylinder) or a length of a side in the case of a box structure (i.e., cube, rectangular cube). The unit-cell height, d, can represent either the depth of the bottom hole or the height of the top pillar.
B. LED Structure
The structure of the LED is shown layer-by-layer in Fig. 2 , which is based on the Refs. [16] , [18] experiment. From bottom to top, the silicon submount is mounted to a 200 nm layer of silver (Ag) forming both a reflector plate and also filling in holes with a bottom grating height of d bottom in the 120 + d bottom nm undoped GaN layer (u-GaN), which forms the hole reflection grating structure. Next, a 4 µm layer of ntype GaN (n-GaN) is placed on the hole array, followed by a layer of quantum wells of 67 nm thickness, and a 200 nm ptype GaN layer. The transmission grating structure, of height d top , is composed of a grating structure and mounting material. If ITO is used for the transmission grating, a 200+d top nm layer of ITO is deposited on top of the p-GaN layer, the transmission grating being formed from the ITO layer. If p-GaN is used for the transmission grating, the grating can be formed directly on top of the p-GaN layer, making the height of the p-GaN layer a total of 200 + d top nm. The double grating structures, one on the top and one on the bottom, constitute a so-called transmission-reflection grating or top-bottom grating.
III. Top and Bottom Grating Simulation Results
The simulation starts when the LED turns on from an off state. There is a monitor at a distance of 67 nm, or one grid size distance, above the LED to collect the light emission. For each structure simulation, we must wait until the LED/monitor reaches a steady state, after which we can extract the constant wave (CW) average power. Each simulation sweep of the parameters produces a set of 20,000 data points (2000 fs at 0.1 fs/step), and from this data set, we determine average power over the ending cycle. In this range, maximum steadystate power is radiated due to the CW source and reflections from the grating. This procedure is done for each case.
There are a total of six transmission gratings and two reflection gratings studied. The transmission gratings are a non-lossy conical P-GaN grating, a non-lossy cylindrical PGaN grating, a non-lossy cylindrical ITO grating, a lossy cylindrical ITO grating, a non-lossy conical ITO grating, and a lossy conical ITO grating. And the reflection gratings are conical reflection grating and cylindrical reflection grating. For each single grating case, we sweep A from 1 to 6 µm, w from 1 to 6 µm (only for cases where w < A), and d = 50 nm to 200 nm. And we give out the optimized structure and list the results in the Table II. The best cases for single gratings from each grating type were taken from our previous studies [16] , [25] , which are also compared to and agreed with experimental data provided by PKU [9] , [18] . References [9] and [18] are the published experimental data on our simulated LED structure. Reference [9] only has electroluminescence data. Reference [18] presents the experimental data of the M-LLO LEDs for the light extraction improvement. The experiment shows about 120% improvement for a 120-nm-depth grating and 66% for a 75-nm-depth grating [18] , which agrees with our simulation. Our simulation gives the following: the light extraction improvement is about 150% for the 120-nm-depth grating and 65% for the 75-nm-depth grating [16] . A more detailed comparison of experimental data and simulation are presented in [16] . Our simulation also shows that the single grating can achieve about 80-165% light extraction efficiency improvement. Based on the above information, the best-case top transmission grating was paired with a best-case bottom reflection grating to form a transmission-reflection grating, a total of 12 transmission-reflection grating combinations. In the simulation, lossy materials have a loss factor of |α| = 0, while the non-lossy materials have α = 0. The extinction coefficient, or the imaginary portion of the index of refraction n, is defined as α: n comp = n real + j*α. In our simulation, the α factor of lossy ITO is 0.01 dB/mm. "Conical" and "Cylindrical" refer to grating cell shapes. Transmission grating shapes refer to "pillars," while reflection grating shapes refer to "holes." Reflection grating materials are always u-GaN holes mounted and filled in with Ag. The p-GaN transmission grating is formed from the p-type GaN semiconductor, while the ITO transmission grating is formed from a deposited layer of ITO on top of the p-GaN layer. The optimized single grating suggested from our simulation is the p-GaN conical top grating; the next one is the top cylindrical p-GaN. The conical top ITO gratings have less light improvement compared to all the other top and bottom single grating cases. The bottom reflection gratings also give reasonable good results on light extraction improvement, which is about 117%. In general, we found A = 1 µm gives the best results for single grating simulations as shown in Table II , which suggest a nanostructure grating may be the future trend for better light extraction improvement. We simulate 181 cases in total with different A, w, d values, including the single top, the single bottom, and the top-bottom gratings. Then, we rank all of them based on light extraction improvement. The brief results of the doublegrating simulation are shown in Table III . The best-case top transmission gratings are matched with the best-case bottom reflection gratings to show effects of both together, and results are reported in percent increase with respect to the nongrating case. There are 12 combinations of six transmission gratings and two reflection gratings studied, which are listed as Cases 1-12 in Table III . These types of gratings show significant improvement over the non-grating case, or case 13 in Table III . The structure types by ranking show that cylindrical reflection gratings are preferred when coupled with a transmission grating structure since ranks 1 to 6 all have a cylindrical reflection grating. Although conical reflection gratings sometimes perform better as a single grating case, this simulation reveals that optimal conditions for a single grating do not always apply for the transmission-reflection grating case. Also, conical transmission gratings perform better than cylindrical transmission gratings when combined with bottom reflection gratings. The top three ranks are dominated by conical structures. And the following three rankings are all cylindrical transmission gratings. Since both the top and the bottom grating change the optical field distribution in the non-grating LED and influence the light extraction, they have coupling effects and need to be matched in design. Otherwise, they may not improve light extraction. In general, there is a clear trend that shows conical transmission gratings and cylindrical reflection gratings are preferred. However, the results of the transmissionreflection gratings, derived from the best cases of reflection and transmission gratings only, perform more poorly (about 42% maximum) than just the single grating structures alone. This can be explained by the trapped optical field changing with grating structure, since the scattering due to the grating is dependent on the grating structure parameters. The optimal conditions that produce the greatest light emission in a single grating case do not necessarily apply to the transmissionreflection grating case. When a reflection grating is paired with a transmission grating, the optical fields are altered within the device, therefore producing unfavorable light extraction due to the poor coupling or the mismatch between the gratings and the newly reorganized optical fields. In the worst case, a destructive interference or mismatch will degrade light extraction efficiency, which is also presented in Table III (Case   14) , for example. This last ranked structure even has worse light extraction efficiency (about −9%) than the non-grating case.
The best performing grating of this transmission-reflection simulation set uses lossy conical-shaped ITO pillars as a transmission grating material matched with cylindrical-shaped u-GaN holes as a reflection grating. This type of grating has a 42% improvement over the non-grating case. This is an interesting result, since the both lossy and non-lossy conical ITO transmission gratings ranked lowest in the transmission grating. The difference between the lossy and non-lossy materials is an imaginary loss factor in the index of refraction described by
where n imag = γλ 4π
, and γ is the exponential loss factor in units of µm −1 and λ is the wavelength of light. It is possible that evanescent waves are penetrating the thin grating structure, causing greater light extraction efficiency. Also, the optical field for the cylindrical reflection grating may match better to the lossy transmission grating than the non-lossy transmission grating. In addition, the worse single grating combination may have better potential to improve its light extraction efficiency compared the best single grating case.In the total rankings of all simulated cases, the best single transmission and the best single reflection grating combination ranks only at 158 out of 181 total cases simulated, which is rank 9 in Table III . Clearly, the direct addition of optimal grating structures does not linearly add to the total output power. The optical fields have an optimal set of grating parameters that may be disturbed when another grating is introduced. It is possible that another set of optimal grating conditions exist, but it must be discovered by a thorough sweep of all top and bottom grating parameters (six parameters in total). This is very important and critical in the double-grating LED design. But it would take an extraordinary amount of time. It is clear now that the transmission-reflection gratings simulated here are not overall-optimal grating structures, since none of them outperform the single grating cases. Fig. 3(a) shows an example of above case and explains the concept of mismatching. Here, we sweep the top grating height with the bottom grating height fixed and vice versa. The best top grating, non-lossy conical p-GaN transmission grating, has optimal parameters of A = 1 µm, w = 1 µm, d = 138 nm. If we vary d as a fabrication error from 118 nm to 186 nm, then even slight variations result in, not only a non-optimal grating, but also the worst case. The best bottom grating, conical reflection grating, has best light extraction at A = 1 µm, w = 1 µm, d = 200 nm (a limit of our simulation). These two gratings are totally mis-matched. Therefore, when combining them, we only can achieve 13% (5.26 a.u. power output, Case 9 in Table III ) of light extraction improvement, which is much lower than that of the optimized single gratings. Fig. 3(a) also shows that the nano-level variation of depth can be a primarily influence of mismatching degree between optical fields. The experimental data published in [18] also supports the strong dependence of light extraction efficiency on the grating depth. We also perform some double grating optimization simulations based on Case 1 in Table III by varying one parameter at a time. We do not cover all the parameter's possible values, but we can still show the optimized double grating can be better than the single gratings. The results are shown in Fig. 3(b) and (c) . With the optimization of only the height value, we can achieve 8.76 a.u. power output, which is an 87% improvement. In addition, we also sweep A and w of bottom grating with fixed top grating and fixed d of bottom grating. When the top lossy conical ITO grating at A = w = 4 µm, d = 52 nm and bottom cylindrical reflection grating at A = 4 µm, w = 1 µm, d = 136 nm, the power output is 9.76 a.u., which is about a 110% improvement. Finally, a further optimization with the same transmission grating but varying cylindrical reflection grating shows that A = 4, w = 1, d = 128 nm gives an improvement of 118%, as shown in Fig. 3(c) . This result is not an absolute maximum which should be found from a thorough sweep of all top and bottom grating parameters' possible values. However it is still better than the optimized single grating case, which is 80% for this type of single top grating and 111% for this type of single bottom grating. All these calculations show that the optimization of a double grating is much more sensitive and crucial than the best single grating pair and can give better results.
To further prove field variation theory, we output the optical field distribution of GaN LEDs. First, the optical field distributions in the top grating only in Fig. 4(a) and bottom grating only in Fig. 4(b) are very different from each other. When the top grating and bottom grating are added together as in Table III (Case 1) , shown in Fig. 4(c) , the optical field distribution will not prefer either top grating or bottom grating. An optical field cancelation effect (rather than enhancement effect) may give a light extraction efficiency of 42%, which is much lower than single grating cases. Second, the best top or bottom-grating optical field distributions are shown in Fig. 4(d) or (e). Compared to Fig. 4(a) or (b) , optical field of (d) or (e) is less confined in the active region. There is more optical field distribution variation between (a) and (d), compared to that of (b) and (e). There is also more light extraction improvement difference between (a) at 80% and (d) at 165%, compared to that of (b) at 111% and (e) at 117%, as well. Finally, we present the non-grating LED case in Fig. 4(f) , which has the strongest field around the active region compared to all other cases. In general, our simulation shows that better light extraction has more optical fields outside the active region. The top grating optical field and bottom grating optical field in our simulation may not matched, which are very interesting results. The exact correlation of the double grating design, optical field, and light extraction efficiency requires intensive simulation, which is outside the scope of this paper.
It is very surprising that the best single grating is not related to the best double grating at first. This result is very (Table II) (Table II) . (f) Non-grating LED case.
useful for most people in the field, since there are now many experimental results on single gratings. It is very easy to design a double grating using the best single gratings, which can complicate the fabrication procedure. However, there is not much gain in overall performance of LEDs, since the effects of grating structures are not necessarily linearly additive to improve light extraction efficiency. Before fabrication, detailed studies need to be carried out to determine maximum coupling efficiency according to the optical field variation when adding an additional grating structure. Also, matching grating is a very important concept in double-grating design. As long as you can match them, it is not critical which grating you choose according to your fabrication capability. Therefore, the grating design is very open in this sense.
IV. Effects of Randomization on Top and Bottom
Gratings To further understand the effects of fabrication defects on transmission-reflection gratings, we simulate the transmissionreflection grating model with each cell randomly shifting a distance along the axis in varying degrees of randomization intensity to create an error grating model. While the widths of holes can be fabricated to great precision, often the placement of holes is a cause for concern, as it affects light extraction efficiency of otherwise ordered photonic crystal structures. The error grating model is very important to explain the difference between model/optimization and fabrication.
Our simulation is still based on the 2-D FDTD method. An example of random displacements is shown in Fig. 5 (b) with a normal grating as a reference in Fig. 5(a) . Displacements can move either way from the original center point. The error grating model shows examples of a positive and negative x shift. This randomization is applied to all grating cells in the photonic crystal arrangement with the following equation:
where N is an integer index defining the original grating cell location, period is the grating period (A), rand is a pseudo-randomly generated number from 0 to 1, and R is the randomization factor from 0 to 1. The quantity x represents (2*rand-1)*R*period in (4). By varying R, which applies to all grating cells, from 0 to 1 in 40 steps, the individual rand factor can be emphasized or deemphasized. This process is repeated for each of the 12 transmission-reflection grating models. And above error grating models are placed into GaN LED device models as shown in Fig. 5 (c) to calculate light extraction efficiency. The effects of randomization in gratings, in general, appear to help light extraction efficiency, peaking at about a randomization factor of 10% in most simulations. Fig. 6 shows the results for each transmission and reflection grating pair. All data are normalized according to its R = 0 values for easy reading. Fig. 6(a) shows the results for a conical reflection grating matched with each optimal transmission grating. These top-bottom gratings combinations are Case 12, Case 8, Case 11, Case 7, Case 10, and Case 9 in Table III . Fig. 6(b) shows the results for a cylindrical grating paired with each optimal transmission grating. These are Case 6, Case 1, Case 5, Case 3, Case 4, and Case 2. As the randomization intensity factor is increased from 0 to 1, many transmission-reflection gratings experience an increase in light extraction efficiency around a 10% displacement of grating cells. In essence, a slight random variation or fabrication defect in grating cells would not only be beneficial but desirable for many transmission-reflection grating types up to a variation of 10-15% for most double Table III. grating cases. The best case is the non-lossy cylindrical ITO transmission and conical reflection gratings which can reach up to a 230 % improvement over the original transmissionreflection grating model at a randomization intensity factor of 12.8%. Also, after R = 10%, light extraction efficiency drops, and after R = 50% settles to a steady state value. Usually, the randomization creates local variation of grating structure, A and w. As top and bottom gratings are only optimized separately, it is possible that a small local perturbation could result in more matching gratings and could introduce local light extraction improvement. A conical single reflection grating has lower performance than that of a cylindrical grating. It has more benefit from a randomization of the grating.
One case that did not improve at around R = 10% is the case of a non-lossy P-GaN conical top grating (A = 1 µm, w = 1 µm, d = 138 nm) and the conical reflection grating (A = 1 µm, w = 1 µm, d = 200 nm). In the single grating simulations, the respective reflection and transmission gratings represent the best case, as shown in Table II . Since these gratings are already optimized to the best case in the single grating case, the randomization effect is not strong enough to offset destruction from the double gratings. On the other hand it may further decrease light extraction efficiency by adding more local destruction or mismatching, hence the drop shown in Fig. 6(a) as the randomization intensity factor increased.
Experimentally, the double grating could give a comparably higher output power as compared with the single grating one, when some suitable grating/texturing processes are used on both the top ITO/p-GaN and bottom substrate layers. In this paper, we only prove that the best single grating is not necessarily the best double grating option in Section III. As for the experiment, we show here that if fabrication is not perfect, the light output variation can be about 230% improvement in our double grating error model. Therefore, the experimental data of a double grating can be better than a single grating in either matching grating concepts, error grating effects, or both.
Randomization actually has a positive effect on many transmission-reflection grating structures for randomization factors of 10-15%. It increases light extraction efficiency while having the added benefit of alleviating some of the fabrication complexities demanded by strict periodicities in photonic crystal LEDs. Until now, we have not found any papers on the randomization model or our so called error model in GaN LEDs. We believe the LED error grating model is unique. There exists no experimental data which claims error percentage in their fabrication process. Nevertheless, our model can be used to predict the fabrication error or used as data analysis in the real design in the future.
V. Conclusion
Transmission-reflection grating structures, taken from the optimized cases of transmission and reflection gratings alone, are simulated using FDTD. In general, grating structures will improve light extraction of LEDs compared to non-grating structure. The simulation results also show that the optimized single grating optical fields are altered significantly by the introduction of a second grating structure. The double grating can achieve a light extraction improvement of 118% with respect to the non-grating case. One of the worst double grating cases is can reduce light extraction efficiency by 9% respect to the non-grating case. Therefore, all of the grating parameters would need to be swept for both transmission and reflection grating cases simultaneously in terms of A, w, and d in order to find the optimized double-grating structure.
We also present error grating models. A fabrication defect of around 10% actually helps increase light extraction efficiency. In the best case, 230% improvement over the original transmission-reflection grating model can be achieved. Not all models exhibit such an increase. In general, fabrication of photonic crystal LEDs do not necessarily need to keep photonic crystal arrangements so ordered and exact. Low intensity random defects in periodic photonic crystals are not only beneficial but desirable in many grating structures.
providing expert advice on the GaN LED grating experiments and modeling.
